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Protein sortingrganelles of the eukaryotic cells that are made by expansion and division of pre-
existing mitochondria. The majority of their protein constituents are synthesized in the cytosol. They are
transported into and put together within the organelle. This complex process is facilitated by several protein
translocases. Here we summarize current knowledge on these sophisticated molecular machines that
mediate recognition, transport across membranes and intramitochondrial sorting of many hundreds of
mitochondrial proteins.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionMitochondria are organelles present in virtually all eukaryotic
cells. They function on the crossroads of life and cell death. They
produce ATP as the energy source for the cell and house a number of
essential biosynthetic pathways but, on the other hand, are key
triggers of apoptosis [1–3]. Mitochondria are made up of two
membranes, the outer and the inner mitochondrial membrane,
which delimit two aqueous subcompartments, the intermembrane
space (IMS) and the innermost mitochondrial matrix. They are
composed of a large number of components belonging to different
classes: proteins, nucleic acids, lipids and solutes. These components
are synthesized in different parts of the cell and put together in the
mitochondria by a number of supramolecular machines.
During the past 30 years, a major branch of research on the
biogenesis of mitochondria has focused on transport and sorting of
proteins, although awealth of informationhas also been obtained from
studies on the synthesis andmetabolism of DNA and RNA as well as on
biosynthesis, intracellular transport and turnover of the many lipid
species of the mitochondrial membranes [4–7]. It is estimated that,
depending on the organism, mitochondria contain about 1000–2000
different proteins. They are encoded in two different genomes in the
cell. The genes for roughly 99% ofmitochondrial proteins are present in
the nuclear DNA and for only a very few of them in the mitochondrial
DNA (mtDNA). Proteins encoded by the nuclear DNA are synthesized in
the cytosol in the form of preproteins and are transported into
mitochondria in a preferentially posttranslational manner.. Neupert).
l rights reserved.Mitochondrial preproteins carry targeting signals which are
recognized by cytosol-exposed receptors present in the mitochondrial
outer membrane. After initial recognition by the receptors, targeting
signals are deciphered by mitochondrial translocases, complex
molecular machines responsible for intramitochondrial sorting of
preproteins. In the last 20 years the number of mitochondrial
translocases identiﬁed and their components has been steadily
growing. Furthermore, during more recent years it became obvious
that transport of proteins into mitochondria is closely connected to
their dynamics and structure, as well as to apoptosis and signaling [8–
10]. This article will summarize current knowledge of protein
transport into and within mitochondria.
2. Mitochondrial targeting signals
Proteins are targeted to mitochondria by the virtue of speciﬁc,
mitochondrial targeting signals (Fig. 1) [11–14]. As we are completing
the mitochondrial proteome it is becoming obvious that these signals
are very diverse in nature and can be present anywhere in the poly-
peptide sequence. Roughly half of mitochondrial proteins are
synthesized with an N-terminal extension called a matrix targeting
sequence (MTS) or presequence. MTSs are not conserved in their
primary sequence but they all share the propensity to form an amphi-
pathic helix with one positively charged and one hydrophobic surface.
They are necessary and sufﬁcient to target a passenger protein into the
mitochondrial matrix. Once in the matrix, MTSs are proteolytically
removed by the matrix processing peptidase. MTS is normally present
at the N-terminus of preprotein though at least one example exists in
which the presequence is found on the C-terminus, the mitochondrial
DNA helicase, Hmi1 [15]. The other half of mitochondrial preproteins
contain noncleavable, mostly internal targeting signals. In the
Fig. 1. Overview of pathways of translocation and sorting of proteins into mitochondria. See text for details. OM, outer mitochondrial membrane; IMS, intermembrane space; IM,
inner mitochondrial membrane.
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internal targeting signals apparently exist that can target proteins to
the outer and inner mitochondrial membranes and to the intermem-
brane space. At least three types of proteins are found in the outer
mitochondrial membrane [16]. Signal-anchored and tail-anchored
proteins are integrated into the membrane with a single α-helical
transmembrane domain close to the N- or the C-terminus of the
protein, respectively. In contrast, β-barrel proteins cross the outer
membrane several times with a number of β-strands. Moderate
hydrophobicity of the transmembrane domain and positive charges
ﬂanking this region appear to be important for targeting of signal-
anchored proteins to the mitochondrial outer membrane [17].
Insertion of tail-anchored proteins likely requires a net positive
charge located C-terminally to the tail-anchor domain [18]. In
contrast, β-barrel proteins cross the outer membrane several times
with a number of β-strands. Recently a signal was identiﬁed which is
necessary for integration of β-barrel precursors into the outer
membrane [19]. It is present in the C-terminal region of β-barrel
proteins and consists of a large polar residue, an invariant glycine and
two large hydrophobic residues. Still, the determinants in the
precursor forms of β-barrel proteins that enable them to cross the
outer membrane through the TOM complex remain enigmatic. A
group of intermembrane space proteins contain conserved cysteine
residues which are not only important for their function but also for
their translocation into mitochondria [20]. Hydrophobic inner
membrane proteins of the carrier family contain poorly deﬁned
internal targeting signals which appear to be composed by both
transmembrane segments and connecting loops [21]. A number of
known mitochondrial proteins seem not to contain any of these
signals suggesting that the repertoire is even more diverse. Different
targeting signals are recognized by different protein translocases and
different proteins are thereby sorted into different mitochondrial
subcompartments.3. Overview of mitochondrial translocation pathways
The TOM (translocase of the outer membrane) complex is the major
translocase of the outer membrane. It is used by all mitochondrial
proteins analyzed so far for transport across the outer membrane [11–
14]. Depending on the type of targeting signal, the TOM complex
cooperates with other mitochondrial translocases to sort proteins into
the outer membrane, the intermembrane space, the inner membrane
and the matrix. Transport of MTS-containing preproteins requires the
concerted action of the TOM complex and the TIM23 complex in the
innermembrane. Cooperation of TOM, small TIM and TIM22 complexes
leads to insertion of hydrophobic membrane proteins of the carrier
family into the innermembrane. Import of cysteine-containing proteins
in the intermembrane space is dependent on the combined action of the
TOM complex and the Mia40-Erv1 disulﬁde relay system in the
intermembrane space. Transport and insertion of β-barrel proteins
into the outer membrane involves the TOM complex, the small TIM
complex in the intermembrane space and the TOB/SAM complex in the
outer membrane. Signal-anchor proteins in the outer membrane
apparently require only the receptors of the TOM complex but not the
translocation pore [22], whereas tail-anchor proteins seem to insert into
the outer membrane in a TOM-independent manner [23,24]. A number
of inner membrane proteins are synthesized with a cleavable prese-
quence. Some of them contain an additional stop-transfer signal which
leads to translocation arrest at the level of the TIM23 complex and their
insertion into the inner membrane. The others are, however, ﬁrst
completely transported into the matrix and only then inserted into the
innermembranewith the help of Oxa1 complex. This process resembles
protein insertion into the bacterial inner membrane and it is therefore
termed conservative sorting. The Oxa1 complex is also involved in
insertion into the inner membrane of proteins encoded by the mtDNA
and translated onmitochondrial ribosomes tethered to the internal face
of the inner membrane.
Fig. 2. The TOM complex is themajor translocase of themitochondrial outer membrane.
Refer to text for details. OM, outer mitochondrial membrane; IMS, intermembrane
space; IM, inner mitochondrial membrane.
Fig. 3. The TIM23 complex mediates translocation of presequence-containing
preproteins into the matrix and insertion into the inner membrane. See text for details.
OM, outer mitochondrial membrane; IMS, intermembrane space; IM, inner mitochon-
drial membrane.
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mitochondrial protein translocases one by one.
4. The TOM complex
The TOM complex consists of the general insertion pore (GIP) and
the receptors loosely attached to it (Fig. 2). Receptors of the TOM
complex are Tom20 and Tom70. They are both integrated into the
outer membrane with a single N-terminal transmembrane domain
and expose their receptor domain into the cytosol. Even though they
have partially overlapping functions, Tom20 is the major receptor for
the presequence-containing preproteins whereas Tom70 recognizes
precursors of inner membrane proteins lacking a presequence. NMR
and crystal structures of the Tom20 receptor domain in complex with
presequence peptides demonstrated that Tom20 recognizes the
hydrophobic surface of the presequence amphipathic helix [25,26].
On the other hand, TPR (tetratricopeptide repeat) motives of Tom70
contain a site for docking of the chaperones Hsp90 and Hsp70 which
deliver precursors of members of the solute carrier family to the TOM
complex [27]. Both Tom20 and Tom70 receptors pass on the precursor
proteins to the GIP. The central component of the TOM complex is
Tom40, a β-barrel protein which forms a translocation channel. It is
the only essential component of the TOM complex. Tom22 serves as an
additional receptor of the complex and has a central role in the
integrity of the TOM complex. In addition, the TOM complex has three
small subunits, Tom5, Tom6 and Tom7. Their function is not entirely
clear but they appear to be involved in the stability of the complex.
The receptor domains of Tom20, Tom22 and Tom70 are exposed to
the cytosol and form a so-called cis-binding site. Domains of Tom22,Tom40 and Tom7 seem to contribute to the formation of the second,
higher afﬁnity, trans-binding site found at the intermembrane space
side of the TOM complex. It is assumed that the increasing afﬁnities
for targeting signals drive translocation through the TOM complex.
Interestingly, speciﬁc mutations in Tom40 were recently identiﬁed
which speciﬁcally block transport of speciﬁc sets of substrates [28,29]
suggesting that the TOM complex could have a more active role than
originally thought.
5. The TIM23 complex
The TIM23 complex is the central translocase of the mitochondrial
inner membrane (Fig. 3). It mediates translocation of preproteins
across and their insertion into the inner mitochondrial membrane. Its
action requires two energy sources, the membrane potential and ATP.
The ﬁrst components of the TIM23 complex were identiﬁedmore than
15 years ago, yet the past few years have witnessed a boom in our
understanding of its structure and function.
For simplicity reasons components of the TIM23 complex can be
divided into those which form a membrane-embedded part of the
complex and those which form the import motor. The membrane-
embedded part of the complex contains the receptors of the complex
and the protein translocation channel. This part of the complex is
responsible for recognition of presequence-containing preprotein and
the initial, membrane-potential-dependent translocation of the
presequence across the inner membrane. The import motor is then
required to mediate ATP-dependent translocation into the matrix.
Components of the membrane part of the complex are Tim17, Tim23
and Tim50. The import motor is formed by Tim14(Pam18), Tim16
(Pam16), Tim44, Mge1 and mtHsp70. All these proteins are essential
for the viability of yeast cells. They are highly conserved throughout
the eukaryotic kingdom, stressing the importance of this translocase
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additional proteins, Tim21 and Pam17 which are, however, neither
essential for cell viability nor for the function of the complex. Yet they
modulate its function in a rather intricate way.
In the membrane-embedded part of the TIM23 complex Tim50 is
the receptor subunit which recognizes preproteins as soon as they
emerge at the outlet of the TOM complex [30,31]. Tim50 is anchored to
the inner membrane with a single transmembrane domain and
exposes a large C-terminal domain to the intermembrane space. The
latter domain was shown to interact with the intermembrane space
domain of Tim23 [31,32]. It was recently shown that the intermem-
brane space domain of Tim50 is also involved in regulation of the
translocation channel [33].
The translocation channel of the TIM23 complex is likely formed
by Tim23 and Tim17. Tim23 is a central component of the TIM23
complex and fulﬁlls several functions. Its C-terminal part is anchored
into the inner membrane with four transmembrane helices which are
believed to participate in the formation of the translocation channel
[34]. The N-terminal ca. 20 amino acid residues of yeast Tim23 are
apparently inserted into the outer membrane as they are accessible to
protease added to intact mitochondria [35]. We have recently shown
that this association is dynamic and depends on the translocation
activity of the TIM23 complex [36]. The N-terminal part of Tim23
which interacts with Tim50 is located in the intermembrane space
and serves, after the TOM-associated receptors, as a further prese-
quence receptor of the TIM23 complex [37]. This domain of Tim23
dimerizes in a membrane-potential-dependent manner suggesting its
active response to changes of the membrane potential [37]. It is,
however, not clear whether this domain is the actual voltage sensor of
the complex. It seems more likely that the sensor is present in the
membrane integrated segments of the complex. In this respect it is
important that reversible, membrane-potential-dependent crosslinks
between Tim17 and Tim23 were recently observed as they will
hopefully help in addressing this interesting issue [38].
Tim17 is a rather peculiar protein whose real function is still
elusive. The protein has four transmembrane helices which anchor it
in the inner membrane and which show sequence similarity to the
four helices of the membrane part of Tim23. However, the membrane
parts of the two proteins have different functions as they are not
interchangeable. Tim17 has very short segments that are predicted to
be outside of the lipid bilayer. Interestingly, the N-terminal segment
contains conserved negative charges which are important for import
of preproteins and gating of the translocation channel [39,40].
The import motor of the TIM23 complex is one of the most
complicated Hsp70 chaperone systems known to date. Its key player is
mtHsp70 whose ATP-dependent reactions of binding to and release
from the translocating polypeptide lead to the vectorial transport into
the matrix. The action of mtHsp70 is regulated by a number of
cochaperones, some of which have no homologues present in another
chaperone system. Like a typical Hsp70 chaperone, mtHsp70 contains
an N-terminal nucleotide binding domain (NBD) and a C-terminal
peptide binding domain (PBD) [41,42]. The two domains are closely
interrelated in structure and function. When ATP is bound to the NBD,
the PBD is in the open conformation characterized by high on and off
binding rates for substrates. The ADP state of NBD, in contrast,
corresponds to the closed, high afﬁnity state of PBD. It is assumed that
Hsp70 chaperones bind substrates loosely in the ATP state and trap
them in the PBD upon hydrolysis of ATP to ADP. Substrates are
released upon binding of ATP. The rate limiting step of this cycle is the
hydrolysis of ATPwhich is stimulated by J proteins. Exchange of ADP to
ATP is mediated by nucleotide exchange factors. We and others have
recently identiﬁed Tim14 as the J-protein of the import motor of the
TIM23 complex [43–45] whereas the nucleotide exchange factor,
Mge1, has been established in the early days of work on the TIM23
complex. However, in addition to these usual Hsp70 cochaperones, at
least two additional proteins are present in the import motor, Tim16and Tim44. Tim16 is a recently identiﬁed J-like protein which forms a
stable subcomplex with Tim14 (J complex) and regulates its activity
[46,47]. We have solved the crystal structure of the Tim14–Tim16
subcomplex at high resolution which provided ﬁrst insights into the
complex regulation of the mtHsp70 cycle of the import motor [48].
Tim16 does not inhibit Tim14 by simply masking its HPD (His-Pro-
Asp) motif that is absolutely required for stimulation of Hsp70
chaperones; it rather keeps it in a constrained conformation which is
apparently not compatible with activation of the ATPase activity of
mtHsp70. This suggests that a slight conformational change of the
Tim14–Tim16 subcomplex is sufﬁcient to activate Tim14. The
elucidation of the details of this regulation, however, will require
more high resolution structures combined with elaborate biochemical
and genetic analyses.
Tim44 is the organizing subunit of the import motor. It is a matrix
protein peripherally attached to the innermembrane. On the one hand
it interacts with the Tim17–Tim23 core of the TIM23 complex; on the
other hand, it interacts with mtHsp70 and J complex thereby
recruiting both the chaperone and the regulatory factors to the
translocation channel [43,46,49]. Tim44 is a two domain protein. Its C-
terminal domain has the ability to bind to cardiolipin-containing
vesicles suggesting that this is the domain involved in membrane
association [50]. The crystal structure of this domain has recently been
solved providing circumstantial evidence for the nature of the lipid
binding sites [51]. It is unlikely that lipid binding alone is sufﬁcient for
association with the translocase. Interestingly, the C-terminal domain
of Tim44 is not able to bind stably tomtHsp70 [52] suggesting that the
N-terminal domain has a more important role in this interaction. It is
unclear how Tim44 interacts with the Tim17–Tim23 core of the TIM23
complex and with the J complex.
The TIM23 complex is one of the protein translocases in the cell
which can function in both translocation and insertion modes.
Recently, an intriguing model was proposed as to how the TIM23
complex switches between these two modes [53]. According to this
model, the TIM23 complex exists in two forms. The TIM23SORT
complex contains only Tim17, Tim23, Tim50 and Tim21 subunits and
is sufﬁcient to insert preproteins into the inner membrane.
Translocation into the matrix according to this proposal requires a
molecular switch which removes Tim21 from the complex and
transiently assembles the TIM23 complex with the import motor.
Puriﬁed TIM23 complex which contains only Tim17, Tim23, Tim50
and Tim21, upon reconstitution into lipid vesicles was shown to be
competent to promote integration of at least one laterally-inserted
substrate [54]. The question arises as to whether this observation is
sufﬁcient to state that such a complex also exists in intact
mitochondria. A number of experimental results would not support
such a conclusion. First, N-terminal presequences lead to transport of
passenger proteins into the mitochondrial matrix demonstrating that
translocation into the matrix and not lateral insertion is the default
mode of the TIM23 complex [55,56]. Lateral insertion requires the
presence of an additional, stop-transfer signal which can be located at
the distance of many residues C-terminal to the presequence. In fact,
the majority of endogenous laterally-inserted substrates of the TIM23
complex that were tested so far require the activity of the import
motor for their transport into mitochondria [57–59]. Furthermore,
Tim21, the component presumably speciﬁc for the sorting form of the
TIM23 complex, was found to be associated with the TIM23 complex
actively translocating preproteins into the matrix [60] and tagged
versions of Tim21 were coisolated with components of the import
motor suggesting that they are present in the same complex [61].
How is then the TIM23 complex mediating transport into different
mitochondrial subcompartments? We have recently established
conditions to trap the TIM23 complex in vivo in various states of its
function [36]. Our analyses demonstrate that the two parts of the
TIM23 translocase are always present in one complex. The presence
of a preprotein is neither required for their assembly nor does it lead
Fig. 4. The small TIM complexes transfer preproteins from the TOM to the TOB complex
and to the TIM22 complex in the outer and inner membranes, respectively. See text for
details. OM, outer mitochondrial membrane; IMS, intermembrane space; IM, inner
mitochondrial membrane.
Fig. 5. The TIM22 complex inserts precursors of themembers of the solute carrier family
into the inner membrane. See text for details. OM, outer mitochondrial membrane; IMS,
intermembrane space; IM, inner mitochondrial membrane.
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TIM23 complex adopts different conformations in response to the
presence, and more importantly, the type of preprotein being
transported. Surprisingly, we found that Pam17 is not a genuine
subunit of the import motor, as originally proposed [62], but rather
that it associates with the Tim17–Tim23 core of the translocase and
modulates its activity in an antagonistic manner to Tim21. We
conclude that the TIM23 complex functions as a single structural and
functional entity that undergoes a series of conformational changes
in response to targeting and sorting signals present in translocating
preproteins, in order to sort them into different mitochondrial
subcompartments.
6. The OXA1 complex
The OXA1 complex in the inner membrane is involved in the
membrane-potential-dependent insertion of inner membrane pro-
teins from the matrix side. Two different types of substrates are
inserted by the OXA1 complex — those which are nuclear-encoded
and ﬁrst transported through the TOM and TIM23 complexes into the
matrix and those which are encoded in the mtDNA [63,64]. Insertion
of the latter ones seems to occur in the co-translational manner and
the C-terminal, matrix-exposed domain of Oxa1 is directly involved in
recruitment of ribosomes to the inner membrane [65,66]. The
peripheral inner membrane protein Mba1 appears to cooperate with
the C-terminal domain of Oxa1 in ribosome recruitment [67].
However, Mba1 and Oxa1 do not seem to function in the same
complex [68]. Whether Oxa1 is involved in insertion of all inner
membrane proteins encoded in mtDNA is currently not clear. It is
feasible that the insertase function of Oxa1 is mediated by its core
comprised of the ﬁve transmembrane segments which is shared by
the Oxa1 homologues present in bacteria and chloroplasts [69–71].
This conserved core domain is also present in Cox18, a mitochondrial
protein involved in biogenesis of respiratory chain complexes. The
function of Cox18 appears to be more specialized as it lacks the
matrix-exposed ribosome recruitment domain and its only so far
known substrate is the C-terminal domain of Cox2 [72].7. The small TIM complexes
Intermembrane space harbors two homologous small TIM com-
plexes, the Tim9–Tim10 and Tim8–Tim13 complexes (Fig. 4). The
former one is essential for the viability of yeast cells whereas the
latter one can be deleted without an obvious effect on cell growth.
The small TIM complexes are involved in two different import
pathways. It has been known for some time that they guide
precursors of carrier proteins from TOM to TIM22 complex but it
was recently realized that they are also involved in the transfer of
β-barrel precursors between TOM and TOB complexes [73,74]. Small
TIM complexes are hexameric and contain three copies of each
subunit. The crystal structure of human Tim9–Tim10 complex
revealed that Tim9 and Tim10 subunits are arranged in an
alternating fashion forming a structure which resembles a propeller
blade [75]. It was speculated that these ﬂexible arms are involved in
binding to substrate proteins shielding their hydrophobic segments.
The experimental evidence for this hypothesis is, however, still
missing. In the crystals two characteristic twin CX3C motifs are for-
ming two intramolecular disulﬁde bonds. Prior to their import into
mitochondria they are in a reduced state. Whether upon import they
remain in the oxidized state or their activity can be modulated by
reversible oxidation and reduction remains unclear. In this respect it is
interesting that Hot13 was recently implicated in a redox regulation of
small TIM complexes [76].
8. The TIM22 complex
The TIM22 complex mediates membrane-potential-dependent
insertion of carrier proteins as well as of Tim23, Tim17 and Tim22
into the inner membrane (Fig. 5). Its central component is Tim22, a
protein homologous to Tim17 and Tim23 [77]. It is inserted into the
innermembranewith four transmembrane heliceswhich likely form a
Fig. 7. The TOB complex inserts precursors of the β-barrel proteins into the outer
membrane. See text for details. OM, outer mitochondrial membrane; IMS, intermem-
brane space; IM, inner mitochondrial membrane.
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two other subunits, Tim18 and Tim54, remain unclear. Tim54was even
recently suggested to have functions unrelated to the TIM22 complex
[79]. A fraction of the Tim9–Tim10 complexes is associated with the
TIM22 complex and forms a genuine part of it. Interestingly, the TIM22
complex of yeast contains Tim12, a small Tim protein which is
exclusively found in the membrane associated fraction. It is likely that
one of the Tim9 or Tim10 subunits in this membrane associated
complex is exchanged by Tim12 [80–82]. Tethering of the precursor to
the TIM22 complex occurs even in the absence of membrane potential
[83]. Afterwards, two membrane-potential-dependent steps are
required. Low membrane potential is sufﬁcient to dock the precursor
at the translocase whereas higher membrane potential is required for
the actual insertion step. The details of the insertion steps still remain
unclear.
9. The Mia40-Erv1 disulﬁde relay system
Mia40(Tim40) is the founding member of the most recently
discovered protein import pathway into mitochondria [84–86].
Mia40 and Erv1 form a disulﬁde relay system for the import of
proteins with conserved cysteine motifs into the intermembrane
space (Fig. 6) [87]. Precursors cross the TOM complex in the reduced
form. Speciﬁc cysteine residues are then recognized by the redox-
activated receptor Mia40 leading to formation of a mixed disulﬁde
bond between the substrate and Mia40 [87–89]. Substrates are
released from Mia40 in the oxidized and likely folded state leaving
Mia40 in a reduced, inactive state [90,91]. The oxidized and active
form of Mia40 is regenerated by the sulfhydryl oxidase Erv1. The
oxidized form of Erv1 is formed by transfer of electrons to
molecular oxygen as the ﬁnal electron acceptor. This transfer can
apparently occur via different pathways involving cytochrome c,
cytochrome c peroxidase and complex IV of the respiratory chain
[92–94]. As the oxidized precursor forms cannot traverse the TOM
complex, they are, in this way, trapped in the intermembrane space
with the effect of unidirectional transport into mitochondria. ThisFig. 6. The Mia40-Erv1 disulﬁde relay system traps proteins with conserved cysteine
residues in the intermembrane space. See text for details. OM, outer mitochondrial
membrane; IMS, intermembrane space; IM, inner mitochondrial membrane.import pathway represents the ﬁrst example where transport of
proteins is coupled to the formation of covalent bonds between a
translocase and the translocating polypeptide chain.
10. The TOB complex
The TOB complex is a machinery for insertion of β-barrel proteins
into the outer membrane (Fig. 7). Tob55(Sam50), Tob38(Sam35,
Tom38) and Mas37 are the known subunits of the complex [95–
100]. Tob55 is a β-barrel protein itself and is a homologue of Omp85, a
protein involved in insertion of β-barrel proteins into the outer
membrane of gram negative bacteria [101]. This points to the
existence of an evolutionary conserved pathway for insertion of β-
barrel proteins. Tob55 was suggested to expose receptor domains to
the intermembrane space. These POTRA (polypeptide transport asso-
ciated) domains were found both in Omp85 and in Tob55 [102,103].
They were shown to be able to bind the β-barrel precursors in the
bacterial periplasm and in the mitochondrial intermembrane space,
respectively, and to initiate translocation. However, the mitochondrial
and the bacterial pathways are at the same time different as the
additional components in the bacterial and mitochondrial complexes
are different. Besides Tom40 and Tob55, Tob38 is the only outer
membrane protein essential for cell viability. Its function as the
receptor of the TOB complex was recently suggested [19]. Tob38 binds
a conserved β-signal peptide present in all β-barrel proteins of the
mitochondrial outer membrane. However, analyses of topology of
Tob38 revealed that it is a peripheral outer membrane protein
exposed to the cytosol. It was thus suggested that Tob38 is inserted
between Tob55 subunits [19,104]. Tob38 would recognize precursors
of the β-barrel proteins at the IMS side of the TOB complex which
would lead to the rearrangement of the complex and lipid insertion of
precursors, possibly by laterally opening an oligomeric structure of
several Tob55 subunits [19,104,105].
In addition to its role in biogenesis of β-barrel proteins, the TOB
complex was recently also implicated in the biogenesis of α-helical
TOM subunits [106].
11. Concluding remarks
The past few years have brought remarkable progress to our
understanding of how the variety of mitochondrial proteins are
39D. Mokranjac, W. Neupert / Biochimica et Biophysica Acta 1793 (2009) 33–41targeted to the mitochondria and sorted to their sites of function. Not
only that new components were added to the already known protein
translocases but also completely new import pathways were
discovered. Furthermore, components were identiﬁed which are not
part of the mitochondrial protein translocases but affect either their
assembly or stability [61,99,107–109]. Higher order assemblies of
mitochondrial protein translocases with respiratory chain complexes
and complexes involved in mitochondrial morphologywere identiﬁed
[110–112]. We are only beginning to understand how the various
translocases function on the molecular level. Only a handful of
structures of mitochondrial translocation components are available
and not a single one of the translocation channels. A large number of
basic questions have not yet been tackled. A few examples are: can the
β-barrel oligomers forming channels in the outer membrane open
laterally to insert proteins into the lipid phase? How are the inner
membrane translocases sensing and responding to membrane
potential? It is assumed that Oxa1 is the insertase involved in its
own insertion, but how is it then possible that the deletion of OXA1
can be rescued by expression of Oxa1? Is Oxa1 really the insertase or
are further components still missing? We are looking forward to
answer such questions in the next years.Acknowledgements
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